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Abstract 
A questionnaire survey was administered to assess air-conditioner use effects on the relation between residential 
thermal performance and sleep quality. Results showed the following. 1-1) The Factor 2 (Falling Asleep, 
Maintaining Sleep) score is unrelated to ‘residential heating performance’ or ‘residential cooling performance’. 
Some items included in Factor 2, however, are more highly related to performance for an air-conditioner non-user 
group (AC-NU) than for a user group (AC-U). 1-2) The Factor 2 score is unrelated to ‘solar heat from windows’ for 
AC-U. However, the score is lower and ‘solar heat from windows’ is higher for AC-NU. 2-1) The Factor 4 (Fatigue 
Recovery) scores by ‘residential heating performance’ and ‘residential cooling performance’ are higher for AC-U. 
2-2) The Factor 4 score is unrelated to ‘solar heat from windows’.
© 2015 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility of the CENTRO CONGRESSI INTERNAZIONALE SRL.
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1. INTRODUCTION
Increase of heat stroke risk is one kind of damage that can result from global warming. Recently, air-conditioner
use has become a heat stroke countermeasure. Studies of air-conditioner use and sleep quality have been conducted. 
Kubo et al.[1] conducted a questionnaire survey designed to evaluate thermal environment changes from air-
conditioner use during sleep. Results show that air-conditioner use during sleep affects thermal comfort when 
waking up. Ishimaru et al.[2] surveyed thermal environments during sleep. They reported that air-conditioner use 
causes waking up during sleep by a timer function. 
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Sakane et al.[3] administered a questionnaire survey to Osaka City apartment residents in September 2012 to 
assess parameters of living environments, air-conditioner use, and sleep quality. Results revealed that the sleep 
quality of full time workers is affected by ‘residential heating and cooling performance’, ‘solar heat from windows’, 
and the air-conditioner use frequency during the day. This study reveals relations of sleep and air-conditioner use in 
respondents who spent a long time at home. The study purposes are 1) extraction of the differences of relation 
between residential thermal perfomance and sleep quality by air-conditioner use, and 2) extraction of differences in 
distributions of responses to items according to air-conditioner use. 
2. METHOD
For this study, we administered a questionnaire survey to 3031 Osaka City apartment residents. We recovered
362. Survey items were 1) respondent attributes, 2) living environment attributes, 3) thermal environment regulation
activities, 4) energy conservation awareness and action, 5) workplace environment, and 6) sleep quality. Sleep
quality was quantified according to an OSA sleep study.[4] The OSA sleep inventory evaluates sleep subjectively at
the time of awakening based on responses to 16 items. Each item is answered on a four-response scale (very good,
somewhat good, somewhat bad, very bad). These items calculate five factor scores. Their average is the OSA score;
the higher the score is, the higher the sleep quality is. The five factors are Factor 1 (Drowsiness when waking),
Factor 2 (Falling asleep and maintaining sleep), Factor 3 (Dreaming), Factor 4 (Fatigue recovery), and Factor 5
(Sleep duration). This study analyzed Factor 2 (Falling asleep and maintaining sleep) and Factor 4 (Fatigue
recovery) because these are regarded as affected by the thermal environment and air-conditioner use in summer. To
extract those who are affected sufficiently by the living environment, we analyzed 256 subjects who responded ‘12
hours or more’ to the question ‘hours spent at home during weekdays’ (Fig. 1). Their average age was 52.8 years.
Average hours at home were 16.3 hr. Men were 40.1%; women were 59.8%. The average OSA score was 44.9±5.9.
Factor score was 43 in Factor 2 (Falling asleep and maintaining sleep), and 45.1 in Factor 4 (Fatigue recovery).
Table 1 presents the frequency of air-conditioner use during sleep. As described in this paper, ‘very frequent’ and
‘frequent’ constitute ‘the air-conditioner user group’ (AC-U); ‘occasionally’ and ‘rarely’ and ‘don’t have air-
conditioner’ constitute ‘the air-conditioner non-user group’ (AC-NU).
3. RESIDENTIAL PERFORMANCE AND FACTOR SCORES
We ascertained the residential performance from responses to the question ‘What do you think about the living
environment of your house?’. In Table 2, p-values of multiple comparisons for scores of OSA and Factor 2 and 
Factor 4 in each stage of residential performance are presented. The residential performance and OSA score 
differences are significant and Factor score differences are also significant according to ‘residential heating 
performance’, ‘residential cooling performance’, ‘solar heat from windows’, and ‘many insects’. As described in 
this paper, we analyze residential thermal performance, which consists of ‘residential heating performance’, 
‘residential cooling performance’, and ‘solar heat from windows’, except for ‘many insects’ because it is believed 
not to affect the thermal environment directly. 
Table 2 Multiple comparisons of mean OSA scores
by residential performance (p-values) 
Residential performance OSA Factor 2 Factor 4 
Ventilation 0.153 0.257 0.357 
Exposure to the sun 0.857 0.794 0.876 
Vista from verandah 0.202 0.286 0.137 
Outside air 0.395 0.495 0.111 
Residential heating performance 0.045 0.439 0.022 
Residential cooling performance 0.097 0.087 0.014 
Solar heat from windows 0.056 0.010 0.256 
Insects such as mosquitoes and flies 0.091 0.217 0.009 
Outside noise 0.478 0.160 0.164 
Noise from around the room 0.578 0.067 0.506 
Line of sight from the outside 0.391 0.868 0.149 
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Fig.1 Occupation time of all answers
Table 1  Frequency of AC use 
Frequency of AC use Number 
very frequent 88 
frequent 87 
occasionally 31 
rarely 44 
don't have AC 1 
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3.1. Residential thermal performance 
Respondents of ‘residential heating performance’ were 154 people responding ‘work well’, 89 people reporting 
‘normal’, and 9 people reporting ‘not work well’. Respondents of ‘residential cooling performance’ comprised 116 
people responding ‘work well’, 115 people reporting ‘normal’, and 17 people reporting ‘not work well’. 
Respondents of ‘solar heat from windows’ included 64 people responding ‘troublesome’, 147 people reporting 
‘normal’, and 41 people reporting ‘not troublesome’. ‘Residential heating performance’ and ‘residential cooling 
performance’ include fewer ‘not work well’. Therefore, ‘normal’ and ‘not work well’ are integrated. The relations of 
‘residential heating performance’ and ‘residential cooling performance’ and ‘solar heat from windows’ show a 
dependent relation in uniformity tests (Table 3), but the number distribution is not completely matched (Fig. 2). 
3.2. Factor scores by residential thermal performance 
Table 4 presents p-values of multiple comparisons of 
mean OSA scores by residential performance, and Fig.3 
shows factor scores by residential thermal performance. a 
and b shows that Factor 2 scores have no difference by 
‘residential heating performance’ and ‘residential cooling 
performance’ in either AC-NU or AC-U. For ‘solar heat 
from windows’, as shown in c, Factor 2 scores of the AC-
NU are high when ‘solar heat from windows’ is ‘not 
troublesome’ (p=0.159). However, Factor 2 scores of AC-U 
show not difference by ‘solar heat from windows’ (p=0.443). 
d shows that Factor 4 scores of AC-NU have no difference 
according to ‘residential heating performance’, but Factor 4  
Table 3 p-values of uniformity tests of thermal performance 
Residential 
heating 
performance 
Residential 
cooling 
performance 
Residential heating performance - - 
Residential cooling performance <0.0001 - 
Solar heat from windows 0.097 0.005 
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Fig.2 Freqency distribution of answer to thermal performance
Table4   Multiple comparisons of mean OSA scores 
by residential performance ( p-values)
air-conditioner non-user group 
Residential performance Factor 2 Factor 4 
Residential heating performance 0.985 0.251 
Residential cooling performance 0.433 0.181 
Solar heat from windows 0.159 0.277 
air-conditioner user group 
Residential performance Factor 2 Factor 4 
Residential heating performance 0.225 0.031 
Residential cooling performance 0.472 0.086 
Solar heat from windows 0.443 0.442 
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Fig.3 Factor scores by residential thermal performance 
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scores of AC-U are high when ‘residential heating performance’ is ‘work well’ (p=0.031).  e shows that Factor 4 
scores of AC-NU are high when ‘residential cooling performance’ is ‘work well’ (p=0.181). Factor 4 scores of AC-
U show the same trend, but a stronger relation than that with AC-NU (p= 0.086). Factor 4 scores have no difference 
by ‘solar heat from windows’ in either AC-NU or AC-U (f). 
4. RESIDENTIAL PERFORMANCE AND ITEMS OF FACTORS
Table 5 and 6 presents p-values of uniformity tests on factor items, and Fig.4 shows item distribution by
residential thermal performance. 
4.1. Items of Factor 2 and thermal performance evaluations 
For ‘degree of dozing off until falling asleep (‘dozing off’),’ AC-NU did not doze off until finally falling asleep 
when ‘residential heating performance’ was ‘work well,’ although they dozed off until finally falling asleep when 
‘residential heating performance’ was ‘normal’ or ‘not work well’ (p =0.005). A similar tendency was found for 
AC-U, but it was a weak tendency (p =0.128) (a). For ‘quality of getting to sleep,’ AC-NU respondents got to sleep 
easily when the ‘residential heating performance’ was ‘work well.’ Respondents could not get to sleep when the 
‘residential heating performance’ was ‘normal’ or ‘not work well’ (p =0.042). However, the distribution was 
uniform in AC-U (p =0.253) (b).  
For the ‘degree of sound sleep,’ the AC-NU respondents were able to sleep soundly when the ‘residential cooling 
performance’ was able to ‘work well.’ Respondents were unable to sleep soundly when the ‘residential cooling 
performance’ was ‘normal’ or ‘not work well’ (p =0.138). A similar tendency was shown by AC-U respondents, but 
it was weak (p =0.165) (c). For ‘dozing off,’ AC-NU respondents did not doze off until they finally fell asleep when 
‘residential cooling performance’ was able to ‘work well.’ Respondents dozed off until they finally fell asleep when 
the ‘residential cooling performance’ was ‘normal’ or ‘not work well’ (p =0.091). A similar tendency was shown for 
AC-U, but it was weak (p =0.105) (d). For ‘quality of getting to sleep,’ AC-NU respondents got to sleep easily when 
the ‘residential cooling performance’ was able to ‘work well.’ Respondents were unable to sleep when the 
‘residential cooling performance’ was ‘normal’ or ‘not work well’ (p =0.070). However, the distribution was 
uniform in AC-U (p =0.583) (e).  
For ‘degree of sound sleep,’ AC-NU respondents were able to sleep soundly when ‘solar heat from windows’ 
was ‘not troublesome,’ and were unable to sleep soundly when ‘solar heat from windows’ was ‘normal’ or 
‘troublesome’ (p = 0.037). However, the distribution was uniform for AC-U (p =0.530) (f). For ‘dozing off,’ AC-
NU respondents did not doze off until they finally fell asleep when ‘solar heat from windows’ was ‘not troublesome.’ 
They dozed off until they finally fell asleep when ‘solar heat from windows’ was ‘normal’ or ‘troublesome’ (p
=0.141). However, the distribution was uniform in AC-U (p =0.726) (g). For ‘quality of getting to sleep,’ AC-NU  
Table5  p-values of uniformity tests of Factor 2 items 
air-conditioner non-user group
Residential performance
Degree 
of sound 
sleep 
Dozing 
off 
Quality 
of getting 
to sleep
Waking 
up during 
sleep
Depth 
of 
sleep 
Heating performance 0.61 0.005 0.042 0.83 0.59 
Cooling performance 0.138 0.091 0.07 0.295 0.854 
Solar heat from windows 0.037 0.141 0.061 0.405 0.124 
air-conditioner user group
Residential performance
Degree 
of sound 
sleep 
Dozing 
off 
Quality 
of getting 
to sleep
Waking 
up during 
sleep
Depth 
of 
sleep 
Heating performance 0.822 0.128 0.253 0.869 0.667 
Cooling performance 0.165 0.105 0.583 0.255 0.985 
Solar heat from windows 0.53 0.726 0.18 0.864 0.284 
Table6  p-values of uniformity tests of Factor4 items 
air-conditioner non-user group
Residential performance Fatigue
Degree 
of 
languorous 
Feeling
Heating performance 0.326 0.274 0.417 
Cooling performance 0.316 0.726 0.547 
Solar heat from windows 0.596 0.302 0.234 
air-conditioner user group
Residential performance Fatigue
Degree 
of 
languorous 
Feeling
Heating performance 0.604 0.206 0.017 
Cooling performance 0.012 0.200 0.127 
Solar heat from windows 0.818 0.83 0.672 
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respondents got to sleep easily when ‘solar heat from windows’ was ‘not troublesome,’ and were unable to sleep 
when ‘solar heat from windows’ was ‘normal’ or ‘troublesome’ (p =0.061). A similar tendency was apparent for 
AC-U but it was weak (p =0.180) (h). For ‘depth of sleep,’ AC-NU respondents got deep sleep when ‘solar heat 
from windows’ was ‘not troublesome,’ and got shallow sleep when ‘solar heat from windows’ was ‘normal’ or 
‘troublesome’ (p =0.124). However, the distribution was uniform in AC-U (p =0.284) (i). 
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4.2. Items of Factor 4 and thermal performance evaluations 
For ‘feeling,’ the distribution was uniform on ‘AC-NU (p =0.417). The AC-U respondents felt fine when 
‘residential heating performance’ was reported to ‘work well,’ and felt unwell when ‘residential heating 
performance’ was ‘normal’ or reported to ‘not work well’ (p =0.017)(j). For ‘degree of fatigue,’ the distribution was 
uniform in AC-NU (p =0.316).  
The AC-U respondents reported that fatigue has been removed when the ‘residential cooling performance’ was 
reported to ‘work well,’ and fatigue persists after waking up when the ‘residential cooling performance’ was 
‘normal’ or reported to ‘not work well’ (p =0.012) (k). For ‘feeling,’ the distribution was uniform in AC-NU (p
=0.547). The AC-U respondents felt fine when the ‘residential cooling performance’ was reported to ‘work well,’ 
and felt unwell when the ‘residential cooling performance’ was ‘normal’ or reported to ‘not work well’ (p =0.127)(l). 
5. EFFECTS OF AIR-CONDITIONER USE ON THE RELATION BETWEEN SLEEP QUALITY AND
RESIDENTIAL PERFORMANCE
Factor 2 scores are affected by ‘Solar heat from windows’ in AC-NU, but the effect weakens in AC-U. Factor 4 
scores are unaffected by ‘residential heating performance’ and ‘residential cooling performance’, but are affected in 
AC-U. Assuming ‘residential heating performance’, ‘residential cooling performance’ to ‘thermal insulation 
performance’, ‘solar heat from windows’ affect ‘solar shading performance’. Factor 2(Falling asleep and 
maintaining sleep) are affected by solar shading performance, but air-conditioner use can mitigate the effect. Factor 
4(Fatigue recovery) has no relation with thermal insulation performance or solar shading performance, but the effect 
of thermal insulation performance appears with air-conditioner use. 
‘Dozing off’ and ‘quality of getting to sleep’ of Factor 2 are affected by thermal insulation performance, but the 
effect is weak for AC-U. ‘Waking up during sleep’ does not relate with thermal insulation performance. The effects 
of air-conditioner use to the relation of ‘dozing off’ and ‘quality of getting to sleep’ and thermal insulation 
performance are the same as the effects of air-conditioner use on the relation of Factor 2 scores and solar shading 
performance. All Factor 4 items are unrelated to solar shading performance for both AC-U and AC-NU groups. 
6. CONCLUSION
We analyzed the responses to our questionnaire survey of 256 apartment residents, which revealed the following
conclusions about the effects of air-conditioner use on the relation between residential thermal performance and 
sleep quality. 1-1) The Factor 2(Falling asleep and maintaining sleep) score is unrelated to ‘residential heating 
performance’ or ‘residential cooling performance’ for residents of the air-conditioner user and non-user groups. 
Some constituent items of Factor 2, however, are more closely related to ‘residential heating performance’ and 
‘residential cooling performance’ for residents of AC-NU than for those of AC-U. 1-2) The Factor 2 score is 
unrelated to ‘solar heat from windows’ for AC-U respondents. The score is lower, but ‘solar heat from windows’ is 
higher for AC-NU respondents. 2-1) The Factor 4(Fatigue recovery) score is higher as ‘residential heating 
performance’ and ‘residential cooling performance’ are higher for AC-U respondents. However, it is unrelated to 
‘residential heating performance’ or ‘residential cooling performance’ for AC-NU respondents. 2-2) The Factor 4 
score is unrelated to ‘solar heat from windows’ for both residents of the AC-U and AC-NU. Constituent items of 
Factor 4 are also unrelated to them. 
References 
[1]Hiroko Kubo et al, Surveysof Sleepand SleepEnvironments of the Elderlyin Summer and Winter, Proceedings of The 26th Symposium on 
Human-Environment System, pp105-108, 2002. 
[2]Yasushi Ishimaru et al, Survey of thermal environment during sleep in urban areas in summer, Japanese Journal of Biometeorology, 46, 3, 
pp28, 2009. 
[3]Tatsuya Sakane et al, Residential factors of full-time workers related to quality of sleep during summer, Transactions of the Society of Heating,
Air-Conditioning and Sanitary Engineers of Japan, 43, pp261-264, 2014.
[4]Yukari Yamamoto et al, Standardization of revised version of OSA sleep inventory for middle age and aged, Brain Science and Mental 
Disorders, 10, pp401-409, 1999. 
